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ORIGINAL ARTICLE

Transcutaneous and percutaneous bone conduction sound propagation in
single-sided deaf patients and cadaveric heads

Sandro Berosa,b , Ivo Dobreva,b, Tahmine S. Farahmandia,b, Dorothe Veragutha,b , Alexander M. Hubera,b

and Christof R€o€oslia,b

aDepartment of Otorhinolaryngology, Head and Neck Surgery, University Hospital Z€urich, Z€urich, Switzerland; bDepartment of
Otorhinolaryngology, Head and Neck Surgery, University of Z€urich, Z€urich, Switzerland

ABSTRACT
Objective: To investigate transcranial transmission (TT) and the dampening effect of the skin in patients
and cadaver heads.
Design: In patients a pure tone bone conduction audiogram for ipsilateral and contralateral stimulation
was performed. The TT was defined as the difference between ipsilateral and contralateral hearing thresh-
olds. In cadaver heads ipsilateral and contralateral promontory motion was measured using a three-
dimensional Laser Doppler Vibrometer system.
Study sample: Seven single-sided deaf patients fitted with a BahaVR Connect, fifteen single-sided deaf
patients without a bone conduction hearing aid and five Thiel-embalmed cadaver heads were included.
Results: The TT decreased with increasing frequency in patients and cadaver heads. No significant differ-
ence was seen between patients and cadaver heads. Measurements on patients and cadaver heads
showed increasing skin attenuation with increasing frequency. However, the dampening effect was
3–12dB higher in patients than in cadavers at all frequencies.
Conclusion: The TT was not significantly different for patients compared to cadaver heads. The value of
promontory motion to estimate TT in patients need to be further evaluated. The skin attenuates a BC
stimulus by 10–20dB in patients and by a smaller amount in cadaver heads, probably due to changes in
the properties of the Thiel-conserved skin.
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Introduction

Bone conduction (BC) is an alternative pathway to air conduc-
tion. This pathway may be used for stimulation in patients with
conductive or mixed hearing loss, and for patients with single-
sided deafness (SSD) using a bone conduction hearing aid
(BCHA). Single-sided deafness leads to impaired binaural hear-
ing, which is needed for sound localisation (Tyler et al. 2003)
and for better understanding in a noisy environment by improv-
ing signal-to-noise ratio (SNR) threshold (Sargent et al. 2001;
Tyler et al. 2003). One of the reasons for this impaired binaural
hearing is the head shadow effect, where the head forms a phys-
ical barrier, attenuating sound. The attenuation is as much as
20 dB at high frequencies and is only 3–6 dB at low frequencies.
One aim of a BCHA is to overcome the head shadow effect by
transmitting sound from the impaired side to the hearing side.
The transmission of sound by BC stimulation is reduced with
increasing frequency. This reduction in the transcranial transmis-
sion (TT) shows a plateau around 3–4 kHz ranging from 20 to
40 dB and then drops, with the interindividual variability being
35 dB (Dobrev et al. 2019; Snapp et al. 2016; Stenfelt 2012).
Because the head is reasonably symmetrical, the TT will be the
same from the ipsilateral to the contralateral side as from the

contralateral to the ipsilateral side if the same area is being
stimulated (Stenfelt 2012). Measurement of TT before fitting a
BCHA can give some information about the expected benefit.
However, it cannot currently be used as a general preoperative
assessment tool (Snapp et al. 2016).

Multiple studies have investigated TT in cadaver heads, but
only a few have compared these data to patients. Stenfelt (2012)
measured TT in patients and compared his findings to vibration
measurements in human cadaver heads (Stenfelt 2012). He found
comparable TT between 0.8 and 6 kHz. Eeg-Olofsson et al.
(2013) measured promontory motion with a Laser Doppler
Vibrometer (LDV) and obtained hearing thresholds (HTs) in
patients for ipsilateral and contralateral stimulation. They found
high variability and low correlation of the two types of measure-
ments at the individual level. However, they concluded that
human hearing levels can be estimated from promontory vibra-
tion on a group level.

Two major parameters affecting BC transmission are the geo-
metric proximity of the source to the cochleae and skin dampen-
ing. Ipsilateral promontory motion (PM) increases with
proximity of the stimulation to the ipsilateral cochlea in cadaver
heads (Dobrev et al. 2018; Eeg-Olofsson et al. 2008), while hav-
ing little effect on the contralateral side (Rigato et al. 2019;
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Stenfelt and Goode 2005). The same was found in living patients
based on measurement of hearing thresholds (Reinfeldt et al.
2014). The skin has a negative effect on BC transmission because
it dampens the stimulus as much as 20 dB, slightly more on the
contralateral side and especially at higher frequencies (Chang
and Stenfelt 2019; Håkansson, Tjellstr€om, and Rosenhall 1984,
1985). The objectives of this study were 1) to determine if the
TT in patients (defined as the difference between contralateral
and ipsilateral HTs) is comparable to TT in cadaver heads
(defined as the difference of contralateral and ipsilateral promon-
tory vibration); 2) to examine how TT varies with stimulation
frequency; and 3) to investigate the dampening effect of the skin
by comparing percutaneous (PC) and transcutaneous (TC) BC
stimulation in patients and cadaver heads. This would first, allow
us to have a better understanding of how experimental work
translates to patients. Second, having more knowledge on the
effect of skin dampening helps us to advise patients, who test a
BC hearing aid on a headband before implantation of a transcu-
taneous system.

Materials and methods

Patients

This study was approved by the institutional ethics committee
(Swissethics 2016-01-05-0). A retrospective chart review was per-
formed to identify patients from the Department of ENT, Head
and Neck Surgery at University Hospital Z€urich, who met spe-
cific inclusion criteria. Patients were included who 1) were
18 years and older; 2) had single-sided deafness defined as BC
hearing thresholds (HTs) of >50 dB HL for frequencies
0.25–4 kHz and normal hearing defined as HTs of <20 dB HL
for frequencies 0.25–4kHz on the contralateral side; 3) had either
no hearing device or a BahaVR Connect (Cochlear Bone Anchored
SolutionVR , Sweden); 4) were implanted between September 2000
and May 2019; and 5) were able to consent and provide written
approval. The patients were assigned to one of two groups: no
hearing device (“No-device”) group or BahaVR Connect
(“Baha”) group.

In all patients, a pure tone BC audiogram was performed in
combination with a routine check-up. The “No-device” group
consisted of 15 patients (8 women, 7 men) ages 28–65 years
(mean 48 years). A total of 16 patients, which were implanted
between September 2000 and May 2019, qualified for the “Baha”
group. However, four had no interest in the study, two had died,
one person was not reachable, and one person had the Baha
explanted. Furthermore, one participant with a Baha Attract had
to be excluded. As a result, there were four women and three
men in the “Baha” group ages 47–74 years (mean 57 years).

Measurements of hearing thresholds in patients

A pure tone BC audiogram was obtained with 5 dB steps at fre-
quencies of 0.25, 0.5, 0.75, 1, 1.5, 2, 3, 4, and 6 kHz for all
patients, with ipsilateral and contralateral stimulation delivered
by an Interacoustics Equinox 2.0 audiometer (InteracousticsVR ,
Denmark) in a sound-isolated booth. A calibrated B-71
(RadioearVR , Denmark) transducer was used in all patients, sup-
ported on the mastoid with a 5-Newton steel headband, without
touching the pinna (i.e. transcutaneous coupling, TC). The soft-
ware used was Affinity Suite (version 2.6.0, InteracousticsVR ,
Denmark). The B-71 was calibrated as a standard procedure with
the available audiometric equipment.

Additionally, the same measurement procedure was executed
in the “Baha” group (n¼ 7), using a Baha 5 transducer
(Cochlear Bone Anchored SolutionVR , Sweden) coupled to the
mastoid via a 5-Newton steel headband (i.e. transcutaneous cou-
pling, TC), first applied on the ipsilateral side, then the contralat-
eral side. The Baha 5 transducer was controlled via a computer,
using the NOAH programming interface (version 4.9.1,
HIMSAVR , Denmark) with CochlearTM Fitting Suite (version
1.4.16875.1, Cochlear Bone Anchored SolutionVR , Sweden) and
Noahlink wireless connection (HIMSAVR , Denmark) for commu-
nication with the sound processor. For stimulation, the Baha was
calibrated against an artificial mastoid (Type 4930, Br€uel &
Kjaer, Denmark) after the completion of all measurements.

The measurement procedure with the Baha 5 transducer was
repeated with a stimulation via the patient’s BI300 implant (i.e.
percutaneous coupling, PC), at its typical location on the contra-
lateral side. The factory calibration of the specific Baha device
was used for the PC stimulation. The TC and PC HT data, for
Baha stimulation on the contralateral side, was used to assess the
transmission through the skin. However, it should be noted that
this approach also includes an effect from the change in stimula-
tion location (mastoid vs. BAHA location) and is discussed in
the Discussion section “Skin attenuation”.

Since only the relative difference in response under PC versus
TC was of interest no calibration of the absolute level of the
Baha stimulation was used for the skin attenuation calculation,
and any calibrated data was used only for display purposes. The
Baha stimulation level was kept unchanged for both coupling
conditions, and stimulation locations and coupling were con-
trolled by an audiologist. Based on the hypothesis of a linear
response of the BC (Hakansson et al. 1996), it is assumed that
the normalised responses (TT and skin attenuation) are inde-
pendent of differences in absolute level of stimulation.

Cadaver heads

An equivalent measurement procedure was applied to a set of 5
Thiel-embalmed cadaver heads, details of which have been
described by Dobrev et al. (2019). Before measurements, the
tympanic membrane was lifted up to provide access to the prom-
ontory, and the BI 300 was placed at its typical location.
Measurements always started with the TC stimulation on the
mastoid, followed by PC stimulation at the Baha location, 5 cm
posterior of the external auditory canal. The motions of both the
ipsilateral and contralateral promontories were measured sequen-
tially by moving the 3D LDV in a repetitive manner via a
robotic arm, in the frequency range 0.1–10 kHz, with approxi-
mately 50 frequencies per decade. Measurements always started
on the ipsilateral side. The cadaver heads were oriented in a nat-
ural upright position (Dobrev et al. 2018, 2019, 2020). For each
stimulation frequency, the promontory motion was measured
using a single point 3-dimensional (3D) LDV (3D CLV 3000 by
Polytec GmbH), providing the time waveform of three orthog-
onal velocity components, from which the corresponding acceler-
ation components were calculated. For comparison with the
patient data, the promontory data were averaged in bandwidths
of approximately 1–2 octaves around the HT test frequencies.
For example, for a frequency of 0.25 kHz measured in patients,
an average of all measured frequencies from 0.125 to 0.372 kHz
in cadaver heads was calculated. The highest frequency used
from cadaver heads data was 6.685 kHz.
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Comparison of cadaver heads and patients

Hearing thresholds in patients were compared to vibration of the
promontory in cadaver heads. Stimulus intensity for measure-
ment of HT in patients and PM in cadaver heads differed.
Therefore, their comparison was done under the assumption that
the promontory response is linear with stimulation level
(Hakansson et al., 1996). Furthermore, the HTs were in dB HL
whereas the PM was in dB relative to 1mm/s. This allowed com-
parison of trends but not absolute values. Since TT and skin
attenuation are relative metrics (unitless ratios of two values),
they allowed for direct comparisons of data between cadaver
heads and patients.

Transcranial transmission (TT)

When the TT ratio is expressed in decibels (0 dB ¼ 1), a negative
TT value indicates an attenuation, namely a better response (HL
or PM) on the stimulation side than on the contralateral side. In
SSD patients, the stimulation is applied on the contralateral side
(containing the non-functioning cochlea), inducing stimulation
on the ipsilateral side (the hearing side), by transmitting sound
though the skull bone and contents.

In order to measure the transcranial transmission in patients,
the actuator was sequentially moved from the contralateral side
(the non-functioning or acoustically masked cochlea) to the ipsi-
lateral side (hearing ear) in patients, and HT was measured in
each stimulation condition. The corresponding TT was calculated
as the ipsilateral HT minus the contralateral HT, as scaled in dB.
The TT metrics, under the B-71 stimulation, were calculated for
the “Baha” group (n¼ 7) and the “No-device” group (n¼ 15),
for a total of 22 patients.

In contrast, in cadaver heads, ipsilateral and contralateral
promontory vibration was measured sequentially, without chang-
ing the positioning of the actuator from its ipsilateral location.
The corresponding TT in cadaver heads was calculated, as the
contralateral (opposite to stimulation side) PM minus the ipsilat-
eral (at the stimulation side) PM, as scaled in dB.

The procedural difference was due to the fact that the cadaver
head measurements were part of a larger measurement campaign,
where multiple coupling methods and stimulation locations were
involved, restricting repositioning of the actuator from ipsi- to
contralateral side (Dobrev et al. 2019, 2020). The measurement
position on both promontories was controlled within 1mm (via a
retroreflective target < 1mm2) and the measurement orientation
was controlled within 5 deg via a robot arm, holding the 3D LDV,
and the anatomical orientation of the ear canal (Dobrev et al.
2019). In addition, during preliminary tests, several points across
each promontory area were measured, indicating negligible differ-
ence (<1dB) in response across each promontory. Thus, it is
assumed that there are no significant effects of preparation of the
measurement area on the promontory response. Based on the low
variability of the response across each promontory and the repeat-
ability in the positioning of the 3D LDV, it was assumed that
moving the actuator position was considered a greater contributor
to experimental variability than moving the 3D LDV, especially in
the case of TC coupling (via 5-N steel headband at the mastoid).

Skin attenuation

The skin attenuation in patients was defined by the difference in
BC HT for contralateral TC (via a 5-N steel headband at the mas-
toid) versus PC (via the BI300 implant at the Baha location)

stimulation. To make measurements between patients and cadaver
heads comparable, skin attenuation in cadaver heads was defined
in an equivalent way. Namely, the attenuation was defined as the
difference in contralateral promontory motion (in dB) with stimu-
lation via TC on the mastoid versus via PC at the Baha location.

Statistical analysis

Microsoft Excel 2019 was used for the statistical analysis. Means
and standard deviations were calculated. When comparing meas-
urements based on patients from the same patient group or
cadaver heads alone, a paired test could be used, in particular
the two-sided paired t-test. When comparing measurements
across data sets (i.e. cadaver heads vs. patients, or patients of dif-
ferent groups), an unpaired test was used. Based on literature
(Dobrev et al. 2018, 2019, 2020; Eeg-Olofsson et al. 2013, 2008;
Stenfelt and Goode 2005) the intersample variability is different
between patients (about 7–13 dB SD) and cadaver heads (about
3–7 dB SD), thus it was assumed that the two data sets exhibited
different variances. This behaviour is also seen in the current
data, shown in Figure 1, and indicated in the Results section.
Thus, an unpaired heteroscedastic t-test was used for comparison
between the two cadaver heads and patients sets.

A p value of <0.05 was originally selected as a threshold for
statistical significance for all tests. However, since each statistical
test was repeated on 9 frequencies for each comparison, the
threshold for statistical significance was adjusted by the number
of frequencies, based on the Bonferroni correction. This resulted
in 0.006 as the maximum for statistical significance.

Results

Patients and cadaver heads responses

Ipsilateral and contralateral responses were evaluated to show
differences between patients and cadaver heads, as well as
between transducer and attachment types. Figure 1 shows an
overview of the averaged data for each sample group, coupling
and stimulation condition, before any further normalisation (i.e.
TT or skin attenuation).

It can be seen, in Figure 1(A,B), that both the ipsilateral and
contralateral TC stimulation with Baha transducer induced compar-
able HTs relative to the corresponding response with B-71. This is
not aimed at comparing the two actuators, but only to give an over-
view of the stimulation levels, when collecting the data shown
throughout the rest of the figures. All further processing is based on
relative difference (in dB) in the promontory motion or HL, between
coupling conditions (i.e. TC vs. PC) and stimulation/measurement
locations (i.e. ipsi- vs contralateral). Thus, based on the hypothesis
of a linear response under BC (Hakansson et al. 1996), it is assumed
that such normalised responses are independent of any potential dif-
ferences in absolute level of stimulation between devices.

The promontory motion data in cadaver heads (Figure
1(C,D)) showed a trend for reduction in the response with
higher frequencies, for both coupling conditions and measure-
ment sides, all with ipsilateral stimulation with a Baha.
Furthermore, the cadaver head data demonstrated an increasing
difference in the promontory response between transcutaneous
and percutaneous coupling with increasing frequencies. The PC
stimulation induced higher PM than TC at frequencies around
0.5 kHz, and above 1.5 kHz. At 6 kHz, the PM with PC was up to
10 dB higher on the ipsilateral side and up to 15 dB higher on
the contralateral side, than with TC.

INTERNATIONAL JOURNAL OF AUDIOLOGY 3



Transcranial transmission (TT)

Transcranial transmission with transcutaneous coupling
A trend towards decreasing TT with higher frequencies in
patients and cadaver heads for TC stimulation with the Baha 5 is
shown in Figure 2. A heteroscedastic unpaired t-test showed no
significant difference in TT between patients and cadaver heads.

The cadaver head data showed a significant (p� 0.006) gain at
0.25 kHz and a slight gain at 0.5 kHz. The TT decreased with fre-
quency up to 3 kHz, and then levelled out at higher frequencies.
This resulted in a significant (p� 0.006) attenuation in the rage
of 1.5–4 kHz. In patients, a small gain was observed at 0.5 and
1 kHz, with a trend for a decrease in TT above 1 kHz. The
decrease continued up to 4 kHz, followed by an increase at
6 kHz. Patients showed up to 8 dB higher TT than cadaver heads
in the frequency range of 1–3 kHz, with the Baha transducer;
however, this difference was not statistically significant
(Supplementary table 1).

The interindividual variation in TT in patients was on average
up to 30.5 dB across frequencies, with up to 50 dB at a single fre-
quency, based on the maximum difference between individual
patients. In cadaver heads, the interindividual variation in TT
was smaller, with an average of 6.2 dB and a maximum of
10.2 dB at a single frequency.

Differences in TT between patient groups
There was a significant (p� 0.006) difference between patient
groups at 6 kHz. For stimulation with the B-71 over the mastoid
(Figure 3), there was a plateau from 0.25 kHz to 1 kHz and then
a continuous decrease in TT up to 3 kHz for both the “Baha”
and the “No-device” patient groups, with a small gain at 6 kHz
for the “Baha” group. Figure 3 shows a range of 10 dB from
0.25–1.5 kHz, within the means of the “Baha” group and the
“No-device” group lie. Between 1.5 and 3 kHz, TT decreased, and
then increased at 6 kHz. For the frequencies 0.75, 1.5, 3, and
6 kHz there are missing threshold values in three patients from
the “No-device” group, resulting in n¼ 12 of unique samples for

Contralateral response

Pa
�e

nt
s (

N
=7

)
dB

 H
L

Ca
da

ve
r h

ea
ds

 (N
=5

)
dB

 re
: 1

 m
m

/s

Ipsilateral response

Frequency [kHz]

0.25 0.5 0.75 1 1.5 2 3 4 60.25 0.5 0.75 1 1.5 2 3 4 6

0.25 0.5 0.75 1 1.5 2 3 4 60.25 0.5 0.75 1 1.5 2 3 4 6
Frequency [kHz]

−10

0

10

20

30

40

50

60

70

−10

0

10

20

30

40

50

60

70

10

0

−10

−20

−30

−40

−50

−60

−70

10

0

−10

−20

−30

−40

−50

−60

−70

TC Baha
TC B-71

TC Baha
TC B-71
PC Baha

TC Baha
PC Baha

TC Baha
PC Baha

(A) (B)

(C) (D)

Figure 1. Means and standard deviations (error bars) for hearing thresholds and promontory movement for ipsilateral (A, C) and contralateral (B, D) stimulation in the
“Baha” group patients (A, B) and cadaver heads (C, D). TC Baha: Transcutaneous stimulation with a Baha transducer. TC B-71: Transcutaneous stimulation with a B-71
transducer. PC Baha: Percutaneous stimulation with a Baha transducer.

TT with TC s�mula�on (Baha) in pa�ents vs. cadaver heads

M
ea

n 
(d

B)
 

0.25 0.5 0.75 1 1.5 2 3 4 6
Frequency [kHz]

20

15

5

0

−5

−10

−15

−20

10

TC Baha Cadaver heads
TC Baha Pa�ents

Figure 2. Comparison of transcranial transmission (TT) in patients and cadaver
heads for TC stimulation. Standard deviations are indicated as error bars in a sin-
gle direction for each data set. TC Baha Patients: Transcutaneous stimulation
with a Baha transducer in patients. TC Baha Cadaver heads: Transcutaneous
stimulation with a Baha transducer in cadaver heads.

4 S. BEROS ET AL.

https://doi.org/10.1080/14992027.2021.1903586


these frequencies (Supplementary table 2). However, missing
data at these frequencies were estimated by linear interpolation
of the available data at neighbouring frequencies. The interpo-
lated data was then used for statistical analysis across all patients
(n¼ 15) at all frequencies.

Skin attenuation

The skin attenuation in patients and cadaver heads, was meas-
ured as the contralateral response (dB HL for patients and dB
PM for cadaver heads) for TC stimulation at the mastoid versus
PC stimulation at the BAHA location. When collecting the
patient data, used to calculate skin attenuation, only the relative
difference in response under TC versus PC was of interest, for
Baha stimulation. Thus, no calibration of the Baha was applied
in the calculations, since the stimulation level was kept same for
both coupling conditions. This is illustrated in Figure 4(A),
where TC and PC patient data are shown, using the Baha’s PC
calibration for both, for comparison purposes only.

Positive values of skin attenuation (lower on the y-axis of
Figure 4(B)) correspond to negative transmission through the
skin, namely worse HL for TC than PC, under the same Baha
stimulation level. Patients and cadaver heads showed a similar
trend of increasing skin attenuation with increasing frequency
above 1.5 kHz (Figure 4(B)). Such a trend is also visible to a lim-
ited extend (�7 dB to �3 dB) at low frequencies in cadaver heads
(0.5 kHz) and patients (0.25–0.75 kHz). The skin attenuation was
significant (p� 0.006) at 3 and 6 kHz for cadaver heads, and at
0.75 and 2, 4 and 6 kHz for patients. Overall, the patients had
3–12 dB stronger skin attenuation than the cadaver heads at all
frequencies. The difference between the two data sets was signifi-
cant (p� 0.006) at 0.75 kHz and 2 kHz. The interindividual vari-
ability for skin attenuation in patients was 27.2 dB on average,
with a maximum of 40 dB at a single frequency. In cadaver
heads, the variation was smaller, with 6.6 dB on average and a
maximum of 11.9 dB at a single frequency (Supplementary
table 3).

Discussion

In this study, the ipsilateral and contralateral hearing thresholds
of patients were compared to the vibrational responses of the
promontory in cadaver heads for different attachment and
stimulation types. Based on these data, differences in TT and
skin attenuation were analysed and compared for patients and
cadaver heads.

Comparison of patient responses

For ipsilateral stimulation, it was found (Figure 1(A)) that HTs
in patients with TC B-71 stimulation showed only small changes
(within ±5dB on average) over the measured frequency range,
corresponding to the findings of others (Eeg-Olofsson et al.
2008). In contrast, under contralateral stimulation with B-71,
there was a trend for larger variations (within ±10 dB on aver-
age) with different frequencies in the patients’ response.

Overall, the Baha TC stimulation produced 5–10 dB higher
HTs above 1 kHz, for both stimulation sides, relative to B-71
stimulation. This has been observed by others for the Baha on a
soft band (Snapp, Morgenstein, and Kuzbyt 2019) or the Baha
attract system at high frequencies (Kurz et al. 2014). This could
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be due to differences in the Baha output during calibration on
the artificial mastoid, relative to its output on patients.

Comparison of cadaver head responses

In cadaver heads, PM on both sides decreased with increasing
frequency (Figure 1(C,D)) as described by others (Eeg-Olofsson
et al. 2008; Roosli et al. 2016). Promontory motion in cadaver
heads was larger for PC stimulation compared to TC stimulation
(Figure 1(C)), which was confirmed by a previous study based
on a finite element model of a whole human head (Chang and
Stenfelt 2019). Such observations were also shown in patients for
contralateral stimulation by Snapp, Morgenstein, and Kuzbyt
(2019) who used the same study design.

A larger difference between PC and TC stimulation for
contralateral responses can be seen in cadaver heads at and
above 3 kHz (Figure 1(C,D)). A previous study also showed
increasing thresholds above 3 kHz reaching almost 40 dB HL at
6 kHz for contralateral stimulation (Kurz et al. 2014).

The increasing difference between PC and TC stimulation on
the contralateral response with higher frequencies seems to be
more dependent on coupling than location. Previous studies
found that contralateral PM for PC stimulation depends on
stimulation location in cadaver heads with smaller PM below
1 kHz when stimulation is on the ipsilateral mastoid compared
to stimulation on the parietal bone (Eeg-Olofsson, Stenfelt, and
Granstr€om 2011). This indicates that stimulation location has
some effect below 1 kHz, but no significant difference could be
shown. Above 1 kHz, the stimulus location had no effect on PM.
Therefore, it can be assumed that PC stimulation on the mastoid
corresponds to PC stimulation on the BAHA location in the
high frequencies. Hence, to assess the effect of skin attenuation,
promontory motion with TC stimulation on the mastoid can be
compared with PC stimulation at the BAHA location.

Transcranial transmission

Transcranial transmission with transcutaneous coupling
The general trend in TT was qualitatively consistent for both
patients and cadaver heads (Figure 2), as well as for different
patient groups (Figure 3). There were, however, quantitative dif-
ferences between cadaver heads and patients, at very low
(250Hz) and mid frequencies (1–3 kHz) (Figure 2).

At low frequencies, there was a significant transcranial gain in
the PM of cadaver heads (0.25Hz). There was, however, only a
trend (Figures 2 and 3) for a transcranial gain in HTs of
patients. Previous studies described a transcranial gain at low fre-
quencies in cadaver heads (Dobrev et al. 2018, 2019; Stenfelt and
Goode 2005), as well as in patients (Eeg-Olofsson, Stenfelt, and
Granstr€om 2011; Stenfelt 2012).

At mid frequencies (1–3 kHz), there was a trend for decreas-
ing TT (Figure 2). At high frequencies (�4 kHz), the TT for TC
stimulation with a Baha or B-71 increased in patients from
4–6 kHz (Figures 2 and 3). This effect is much more pronounced
in the “Baha” group using the B-71 transducer (Figure 3).
Similar trends for TT were reported for cadaver heads starting at
1 kHz, as in our measurements (Rigato et al. 2019; Stenfelt and
Goode 2005) and patients, showing increasing TT starting above
2 kHz (Stenfelt 2012). In contrast, Eeg-Olofsson et al. (2013)
found no statistically significant differences above 2 kHz, when
comparing the contralateral parietal location to the ipsilateral
parietal location. A difficulty in comparing results between stud-
ies is the stimulation location, as the ipsilateral location could

influence the TT as much as 10–20 dB, as reported in the litera-
ture (Eeg-Olofsson et al. 2008; Huber et al. 2013; Reinfeldt et al.
2014; Rigato et al. 2019; Stenfelt 2012).

Furthermore, TT values showed high variability between
patients, but less variability in cadaver heads. This is partially
because, for data at each audiometric frequency, cadaver head
data at several neighbouring frequencies were averaged.
Moreover, for the cadaver heads, ipsilateral and contralateral
sides were measured sequentially without moving the actuator.

While there were qualitative differences, there were no signifi-
cant differences in TT for TC stimulation (Figure 2) between
cadaver heads and patients. This is supported by literature (Eeg-
Olofsson et al. 2013), where a correlation between PM and HT
on a group level, but not on an individual level, has been
described. This suggests that the relative PM (i.e. ipsi- versus
contralateral) in cadaver heads is representative of relative HTs
in patients, on a group level, under equivalent stimulation (e.g.
TC stimulation with a Baha transducer). Thus, intraoperative
PM measurements could be useful to quantitatively assess the
coupling and optimal attachment site of a BCHA.

Differences in TT between patient groups
Our TT (Figure 3) data showed a significant (p� 0.006) differ-
ence between patient groups at 6 kHz, with a trend (p< 0.05) for
increasing difference above 3 kHz. The reason of this difference
remains unclear. The plasticity of the brain may be one reason.
Previous studies found an improvement with Baha and
Bonebridge systems 6 and 12months postoperative. They
reported a decrease in SNR of up to 3.9 dB using the
Oldenburger sentence test (Laske et al. 2015) or the Hearing in
Noise Test (Linstrom, Silverman, and Yu 2009). Another reason
could be the improvement of device fitting over time, or a learn-
ing effect. Therefore, these findings must be interpreted with
care due to the low number of subjects in our study, and further
confirmation is required with large patient groups.

Skin attenuation

Our study aimed to investigate differences in responses (HTs or
PM) between PC and TC stimulation. Promontory motion in
cadaver heads and HTs in patients showed similar trends (Figure
1) for PC and TC stimulation with increasing attenuation above
1.5 kHz (Figure 4). However, HTs in patients demonstrated
3–10dB higher skin attenuation (negative transmission values)
for all frequencies. Prior studies indicated lower TT at higher
frequencies (>4 kHz) at the mastoid compared to the Baha loca-
tion (Dobrev et al. 2018; Stenfelt 2012).

It should be noted that stimulation location for the TC (soft-
band at mastoid) and the PC (BI300 at BAHA location) stimula-
tion was different. This could have caused an influence of not
only the skin, but also the relative distance to the cochlea and
differences in the point mechanical impendace (Reinfeldt et al.
2013). However, Stenfelt and Goode (2005), in their work with
fresh cadaver heads, have shown that, under the same PC cou-
pling (via an implanted screw), stimulation on the BAHA and
the mastoid showed only 1–4 dB difference in the contralateral
response, given the same amount of input force. Such observa-
tions were qualitatively confirmed in live human subjects by
Stenfelt (2012), showing 1–6 dB difference in the transracial
attenuations for stimulation at the BAHA position via a BI300
versus stimulation at the mastoid via a steel band. Thus, it is
hypothesised that the observed 5–20 dB difference in attenaution
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is mainly caused by increased skin attenuation in patients, rela-
tive to Thiel-embalmed cadaver heads.

Hearing thresholds for PC stimulation in patients in this
study are comparable to those of previous studies, which
reported 10–20 dB better thresholds above 1.5 kHz compared to
the TC transmission (Eeg-Olofsson et al. 2008; Reinfeldt et al.
2014; Rigato et al. 2019; Stenfelt 2012). In particular, PC BC in
patients shows as much as 10 dB better hearing sensitivity up to
1.5 kHz, while from 1.5–6 kHz the difference increases to 20 dB
compared to TC transmission (Håkansson, Tjellstr€om, and
Rosenhall 1984, 1985; Kurz et al. 2014; Snapp, Morgenstein, and
Kuzbyt 2019; van Barneveld et al. 2018).

It is hypothesised that a factor influencing the skin attenu-
ation is the Thiel embalming technique, which has proven useful
for studying human middle ear mechanics (Guignard et al. 2013;
Stieger et al. 2012). The effect it has on human soft tissue, how-
ever, has to be further researched. A recent study investigated
this effect and supported the theory of increased collagen cross-
linking in human soft tissue, thus potentially making it stiffer
and with less damping (Zwirner et al. 2019). Zwirner et al. con-
cluded that Thiel-embalmed soft tissue may not sufficiently imi-
tate the biomechanics of living human soft tissue.

Conclusions

Transcranial transmission with transcutaneous stimulation shows
a similar trend in patients and cadaver heads: decreasing TT
with increasing frequency. No significant differences in transmis-
sion between patients and cadaver heads were found. However,
due to the low number of cadaver head measurements, no cor-
relation analysis was made. Single-sided deaf patients fitted with
an implanted Baha had significantly better TT (less attenuation),
for TC stimulation with a B-71 transducer, at higher frequencies
compared to SSD patients with no device. The reason for this
finding remains unclear and needs to be further investigated in a
larger patient population. The skin attenuates the BC stimulus
by 10–20 dB in patients. Cadaver heads have about 10 dB less
attenuation across mid and high frequencies, which may be due
to the embalming method, which alters skin and soft tissue
characteristics.
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